Nanowires are common building blocks for the bottom-up assembly of electronic and photonic devices. A significant challenge is to introduce a single nanowire into an oriented assembly in order to express its unique anisotropic properties or to fabricate a nanodevice. In this work we focused on the development of a micrometer length scale approach, based on a fluidic method for alignment and assembling of nanowires. The alignment is achieved by manipulating a droplet composed of a dilute nanowire suspension by creating thermocapillary motion inside a microchannel. Our purpose is to explore the nanowires' alignment mechanism in the middle region between the droplet's front and rear menisci, and their interaction with the free surface and the contact lines. Experimental results show that nanowires which are found in the middle region of the droplet are generally aligned with the flow direction. Nanowires which reach the front meniscus move together with the displacing fluid which undergoes a "rolling" type motion, and are finally adsorbed to the surface of the microchannel. The adsorbed nanowires were found in most cases to align with the droplet's flow direction. However, in certain cases nanowires may become reoriented by the passage of the rear-contact line.
I. INTRODUCTION
Integration of nanowires ͑NWs͒ and nanotubes into useful devices requires appropriate control of their alignment and assembly. This is a major challenge in the subfield of nanotechnology which follows the bottom-up fabrication paradigm.
1, 2 In previous works, electric 3, 4 and magnetic 5 fields were applied to manipulate NWs suspended in a dielectric liquid medium. In general, these methods require extensive lithography to fabricate the microelectrodes. Fluidic-based methods for aligning NWs have proved successful in generating parallel and cross-bar NW assemblies. [6] [7] [8] [9] [10] [11] [12] Alignment through solvent evaporationinduced self-assembly of NWs within microchannels was demonstrated by Messer et al. 6 NWs have also been aligned with controlled micrometer scale pitch using the LangmuirBlodgett technique and then transferred to planar substrates in a layer-by-layer process creating large scale ͑over centimeter length scales͒ hierarchical organization of NWs. 7 In another work, DNA molecules suspended in water were deposited on a substrate and subsequently oriented by the passage of an air-water interface. The stretching of the DNA molecules was always perpendicular to the air-water interface. 8, 9 The alignment of carbon nanotubes and semiconductor NWs embedded in polymer nanofibers was recently demonstrated using electrospinning. 13, 14 The NWs were first aligned by a sink flow, and subsequently by high extension of the electrospun jet. By manipulating the electrostatic field in the electrospinning process, cross-bar structures of NWs embedded in nanofibers could be fabricated. 15, 16 The shear response of semidilute dispersions of polymerdispersed multiwalled carbon nanotubes was studied by Hobbie et al. 17 It is shown that for a weakly elastic polymer melt, the carbon nanotubes are oriented along the flow direction at low shear stress. The assembly and alignment of the NWs in this work aimed at micrometer length scale assembly for applications in nanosystems. The presented approach applied a solutionbased method. It is achieved by manipulating a microscale droplet composed of a dilute NW suspension within a microchannel by means of thermocapillary motion. By this method, the NWs' orientation could be controlled for sequential deposition, thereby offering a flexible process for microscale pathway to microscale assembly.
The droplet motion creates several flow patterns which are responsible for the NWs' alignment, as well as remarkable interactions between the NWs and the contact lines and between the NWs and the free surface. These interactions affect the alignment of the NWs and their adsorbance to the microchannel's surface. Previous works have demonstrated that suspended rod-like spheroidal particles ͑e.g., NWs͒ in a shear flow spend most of their time aligned with the streamlines and rotate occasionally in closed orbits. [18] [19] [20] [21] Hinch and Leal 19 found that spheroid-shaped particles align themselves with the flow direction, assuming weak Brownian motion. The period of spheroidal particle rotation is found to be a function of its aspect ratio and of the shear rate. 21, 22 Szeri and Leal 23, 24 analyzed the case of a dilute suspension of rigid rod-like particles that has a spatially inhomogeneous velocity field. Yarin et al. 25 extended the above works for nonaxisymmetric particles, and found that such particles may rotate in chaotic, periodic, or quasiperiodic manners. In another work, the orientation of triaxial ellipsoids in general threedimensional ͑3D͒ flows was investigated by Gauthier et al.
using reflective anisotropic flakes to perform visualizations. They showed that the orientation of these particles indeed depends upon the shear stress of the flow. Cloitre and Mongruel 27 investigated the orientation of rod-like particles in a nonuniform elongation flow at low-Reynolds number created by introducing a small orifice into a cylindrical channel. They found that the orientation dynamics of a particle depends on the history of the deformation it has experienced during the flow, whereas at the orifice, all the particles were found to be fully oriented.
In this paper we report the experimental investigation of fluidic assembly of NWs. We first describe the experimental system and the procedures used to fabricate the NWs and then cause their dispersion, as well as describe the procedure employed to manipulate the droplet within the microchannel. Then, we discuss the NW alignment mechanism in different regions of the moving droplet.
II. EXPERIMENTAL DESIGN
The experimental system consists of a droplet in a rectangular microchannel. The microchannels are made from a glass pipette with a typical rectangular cross section w ϫ h, where w = 400-1000 m and h = 40-100 m ͑Wale Apparatus Co., Inc.͒ ͑see Figs. 1 and 2͒. The gas surrounding the droplet on both sides has a long body that touches each side of the microchannel at an apparent contact line. The gas is also supported from each corner by a meniscus which has approximately the same mean curvature as the droplet ͑see Fig. 1͒ . The microchannel is attached to a thermal head that was produced by a thick-layer technology and which consists of a number of resistors with a total power of 5 W. Gold NWs were produced by an electrodeposition process using templates ͑ 200 nm, length of 1-5 m͒ based on a procedure described briefly in the work of Martin et al. 28, 29 A representative scanning electron microscopy ͑SEM͒ image of the gold NWs is shown in Fig. 3 . In order to prevent aggregation of the NWs, we used surfactants such as 2-mercaptoethanol, octadecanethiol, dodecylamine, and potassium sulfide. The dispersion liquids were hexadecane, octadecane, and silicon oil ͑all were purchased from SigmaAldrich͒. We systematically tried combinations of the dispersion liquids with each of the surfactants to reach stable and homogeneous suspension. The concentration of the gold NWs in the liquid media was of the order of 0.1% -0.2% ͑w / w͒ and the surfactant concentration was in the order of 1 % ͑w / w͒. The dispersions were sonicated for 10 min ͑using the 43 KHz Delta D2000 sonicator͒ to produce a homogeneous dilute dispersion which were observed to remain stable throughout the experimental phase. The motion of the NWs was observed using an optical microscope ͑Olympus BX51͒ with a magnification of 500-1000 and a video camera ͑Olympus DP12, 30fps͒. The SEM micrographs were obtained by detecting the scattered secondary electrons using a high resolution SEM ͑Leo Gemini 982͒ at an acceleration voltage of 2-4 kV.
III. RESULTS AND DISCUSSION
The experimental design is based on the thermocapillary motion of a droplet composed of a dilute NWs suspension inside a microchannel. The thermocapillary motion is achieved by creating a temperature gradient T 1 − T 2 ͑ϳ60 C͒ which results in a surface tension difference ⌬ ͑ϳ7 mN/m͒ between the droplet's front and rear menisci. Since the surface tension of the liquids used decreases as the temperature increases, the droplet moves towards the colder region. 30, 31 At steady state condition we observed three types of flow patterns in the droplet ͑see Fig. 2͒ : ͑a͒ a Poiseuille flow ͑region I͒, which develops due to the pressure difference between the droplet's rear and front menisci, P 1 − P 2 ϳ ⌬ / R, where R ϳ h / 2 is the radius curvature of the droplet meniscus; ͑b͒ a rolling type motion near the menisci regions ͑region II͒ ͑Refs. 32 and 33͒; and ͑c͒ a sink/source-like flow at the interface of the menisci and the microchannel's corners, where the spreading of the liquid occurs ͑region III͒. Within region I, since w ӷ h, the flow can be considered as a two-dimensional flow ͓see Fig. 2͑a͔͒ . The effect of rotational Brownian motion is excluded in this work, due to the size of the nanowires which are already too big and, at the same time, small enough to allow us to neglect both their mass and inertial moment. We assume that the influence of the dynamic contact lines on this region is negligible. 34 The determined mean velocity of the droplet is U = R⌬ /3L ϳ 1 mm/ s, where L is the droplet length and is the viscosity of the fluid. The determined velocity is in a good agreement with the measured mean velocity U ϳ 0.5-1 mm/ s. Consequently, the typical average shear rate of the flow is ␥ =10 s −1 , where the capillary and Reynolds numbers in this flow are Ca= U / ϳ 10 −3 and R e = hU / ϳ 10 −1 -10 −3 , respectively, where is the density of the fluid. Real time observations show that most of the time the NWs were aligned with the flow, but "flip over" occasionally ͓see Fig.  4͑a͒ and movie 1, linked to Fig. 4 online͔. 18,19, 21 The duration of the flip-over of the NWs was found to be between 1-5 s.
In region II, we observed NWs move near the front meniscus, turn around the corner of the contact line, and then, under certain conditions, become adsorbed to the surface. Figure 5 shows a series of pictures taken near the droplet's front meniscus as a NW turned around the corner ͑see movie 2, linked to Fig. 5 online͒. At first the NW moves with a higher velocity than U until it reaches the front meniscus, at which point the NW starts "sliding" along the free surface of the meniscus. Therefore, we assume that the NW moves together with the displacing fluid which undergoes a "rolling" type motion. 35 In most cases, we found that the turningaround motion of the NWs near the front meniscus did not affect the alignment that was achieved within the Poiseuille flow ͓e.g., see Fig. 4͑b͒ for adsorbed nanowires͔ and the NWs were finally deposited with an orientation parallel to the flow direction. Observations show that over 85% of the NWs aligned with the flow direction. In general, when the NWs approach the surface of the microchannel, after the turning-around motion near the front meniscus, adhesive forces attract them to the surface and the high shear rate helps to align them. If the NWs fail to adsorb to the surface, they join the rear meniscus region and join the Poiseuille flow again further on. By this cyclic motion, increasing numbers of NWs adhere to the surface of the microchannel ͓for a schematic illustration of the process see Fig. 2͑a͔͒ .
In certain cases, after the alignment and adsorbance of the NWs to the microchannel's surface, reorientation may occur, caused by the passage of the droplet's rear contact line. The NWs may adopt a specific orientation relative to the contact line. NWs aligned perpendicular to the droplet's rear contact line are shown in Fig. 6͑a͒ . A series of pictures taken near the rear contact line during a NW's rotation is shown in Fig. 6͑b͒ ͑see movie 3, linked to Fig. 6 online͒. It shows that the NW was initially aligned with the droplet flow, but after the passage of the rear contact line, the NW was reoriented and set perpendicular to the meniscus. Figure  7 shows a NW that was at first aligned with the flow direction, but during the passage of the rear contact line the NW was found to be almost tangential to the meniscus. It reoriented itself and its final orientation was found to be about 45°relative to the flow direction ͑see movie 4, linked to 
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Investigation of fluidic assembly of nanowires Phys. Fluids 17, 063301 ͑2005͒ 7 online͒. This situation was uncommon and it seems that the adhesion of the NW to the microchannel's surface, or irregularities of the surface, prevented complete realignment. In most of the experiments we found that the reorientation due to the sweep of the rear contact line would usually fall into one or two equilibrium states: ͑1͒ with a NW perpendicular to the contact line and ͑2͒ with a NW aligned along the contact line. It appears that the first equilibrium state occurs when a NW "punches" the rear meniscus and is turned to an orientation where the moment of the surface tension forces vanishes. The second equilibrium state occurs when punching does not occur and the NW stays aligned along the contact line. Figure 8 shows a series of pictures taken near the droplet's front contact line. The contact line in these pictures collects the NWs once they reach its vicinity. It does so by acting as an "attractor," seemingly due to the loose interaction of the NWs with the surface. In certain cases, due to NW-NW interaction, a chain of NWs is formed. NWs which cut themselves off from the contact line were found aligned with the flow direction ͑see movie 5, linked to Fig. 8 online͒.
In region III, near the droplet's front meniscus, the NWs were found to move along a sink-like streamline towards the precursor liquid and were then adsorbed to the microchannel's surface. A series of pictures taken near the droplet's front contact line is presented in Fig. 9 . Near the droplet's rear contact line, the NWs were found to move along a source-like streamline flow towards region I. This sink/source flow is a result of the pressure difference between the droplet and the surrounding gas, and of the Marangoni stress M , which is a function of the temperature gradient, acting along the corners surfaces. 36 Due to the uniform pressure at the corners, their velocity field could be assumed to be a parallel flow driven by M .
IV. SUMMARY
In this investigation, we report on an experimental investigation of a fluidic-based assembly approach. The alignment of the NWs in this work is achieved by manipulating a droplet with a dilute NW suspension inside a microchannel by means of thermocapillary motion. Real-time observations show that the nanowires found in the middle region of the droplet ͑between the menisci͒ were aligned most of the time with the Poiseuille flow, but they did flip over occasionally. It was observed that when NWs which were faster than the droplet's mean velocity reached the front meniscus, they moved together with the displacing fluid which itself underwent a rolling type motion, and were finally adsorbed to the microchannel's surface parallel to the flow direction. NWs which were found in the droplet's middle region and had moved close to the microchannel's surface were adsorbed to the surface due to the strong interaction forces. These NWs became aligned with the flow direction due to the strong shear force. Remarkable interactions between the NWs and the contact lines were observed, as well. It was found that these interactions affected the adsorption and the alignment of the NWs to the microchannel's surface and in certain cases realignment of the nanowires occur. Hence, in order to maintain the alignment achieved by the shear flow, the nanowire-surface and nanowire-liquid interactions needed to be controlled. Also, it was found that due to the rectangular cross section of the microchannel, a sink-source-like flow developed along the corners of the microchannel near the menisci. This phenomenon led to the movement of a small percentage of the NWs towards the corner regions. In summary, we observed that the majority of the NWs were adsorbed to the microchannel's surface with a good degree of alignment with the flow direction. Hence, with a greater theoretical understanding of these observed alignment mechanisms and the selection of an appropriately patterned surface, the proposed fluid-based assembly can be used for the bottom-up assembly of nanodevices.
